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The matrix (M) protein of vesicular stomatitis virus (VSV) binds the nucleocapsid to the cytoplasmic surface of the host
plasma membrane during virus assembly by budding. It also condenses the nucleocapsid into a tightly coiled nucleocapsid–
M protein complex that appears to give the virion its bullet-like shape. As described here, temperature-sensitive (ts) M
mutants produced two classes of membrane-containing extracellular particles at the nonpermissive temperature. These
could be distinguished by sedimentation in sucrose gradients and by electron microscopy. One class contained nucleocap-
sids and envelope glycoprotein, but very little M protein. The other class was devoid of nucleocapsids. Most of these
particles were spherical or pleiomorphic in shape as determined by electron microscopy. Expression of wild-type (wt) M
protein from plasmid DNA using the vaccinia/T7 virus system did not enhance the incorporation of nucleocapsids into
extracellular particles from cells coinfected with the ts M mutants but did enhance the incorporation of M protein into these
particles. Electron microscopy showed that wt M protein served to impart the bullet-like shape typical of VSV virions to
what would otherwise be spherical or pleiomorphic virus-like particles. These data suggest that there are two distinct
processes in VSV envelope biogenesis. One process involves envelopment of the nucleocapsid and can be accomplished
by the ts M mutants at the nonpermissive temperature, albeit at a low level compared to wt VSV. The other process involves
conversion of virion components into the bullet-like shape and requires a function provided by wt M protein. q 1996 Academic
Press, Inc.
INTRODUCTION sid and with the envelope (reviewed by Pal et al., 1987),
although it is possible that separate populations of M
Matrix (M) proteins of enveloped viruses play a central protein molecules are associated with the nucleocapsid
role in virus assembly by mediating the binding of the versus the envelope (Barge et al., 1993).
viral nucleocapsid to the cytoplasmic surface of the host VSV mutants containing temperature-sensitive (ts) le-
plasma membrane during the budding process. Thus M sions in their M genes (complementation group III) are
proteins of most viruses have the ability to interact both blocked in the late stages of virus assembly at the non-
with nucleocapsids and with cellular membranes in order permissive temperature. Although most of the mutants
to function in virus assembly. In the case of vesicular express similar amounts of M protein at both tempera-
stomatitis virus (VSV), the prototype rhabdovirus, the vi- tures, binding of viral nucleocapsids to the host plasma
rion contains approximately 2000 copies of M protein membrane and binding of M protein to nucleocapsids
(Thomas et al., 1985). The nucleocapsid consists of 1300 are dramatically reduced compared to that observed at
copies of N protein, the major nucleocapsid protein asso- the permissive temperature (Knipe et al., 1977a;
ciated with the 11-kb negative-strand RNA genome, and McCreedy and Lyles, 1989; Ono et al., 1987). In contrast
lesser amounts of two polymerase-associated proteins, to the apparent block in nucleocapsid binding, the ability
P and L. The envelope contains a single species of trans- of the ts M protein to bind to the cytoplasmic surface of
membrane glycoprotein (G protein). Binding of the M pro- host plasma membranes in areas devoid of nucleocap-
tein to the nucleocapsid serves to condense the nucleo- sids is not impaired at the nonpermissive temperature
capsid into a tightly coiled helical complex that appears (McCreedy and Lyles, 1989), suggesting that the mutant
to be responsible for the characteristic bullet-like shape M proteins might retain some biological activity.
of virions (Newcomb and Brown, 1981; Newcomb et al., Complementation of the growth of VSV ts M mutants by
1982). A considerable body of evidence suggests that in M proteins expressed from plasmid DNA using vaccinia
virions, M protein is associated both with the nucleocap- vectors that produce T7 RNA polymerase (vaccinia/T7
virus; Fuerst et al., 1987) has been used to assess the
function of plasmid-derived wild-type (wt) and mutant M1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (910) 716-9928. proteins (Black et al., 1993; Kaptur et al., 1995; Li et al.,
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1988a,b; Sun et al., 1994). In experiments described here, 377. At 5 hr posttransfection, cells were washed and then
coinfected with tsO23 or tsM301 virus or wt VSV (m.o.i.it was found that in the absence of plasmid-derived wt
M protein, ts M mutants produced two classes of mem- 20). After a 1-hr incubation at 397, the cells were washed
and incubated at 397 for 16 hr in DMEM containing [35S]-brane-containing extracellular particles at the nonper-
missive temperature. One class contained nucleocap- methionine (25 mCi/ml; Dupont, NEN, Research Prod-
ucts). Unless otherwise noted, all media contained cyto-sids and envelope glycoprotein, but very little M protein.
The other class was devoid of nucleocapsids. Most of sine arabinoside (araC, 40 mg/ml, Sigma Chemical Co.)
except the vaccinia/T7 virus inoculum. Culture super-these particles had a spherical or pleiomorphic shape
as determined by electron microscopy. Expression of wt nates were collected, and cellular debris was removed
by low-speed centrifugation. Yield of infectious virus wasM protein from plasmid DNA enhanced the incorporation
of M protein into extracellular particles but did not en- determined by plaque assay at 317. Alternatively, extra-
cellular particles were pelleted by ultracentrifugation ofhance the incorporation of nucleocapsids into particles
from cells coinfected with the ts M mutants. Electron supernates over a 15% sucrose cushion. Pellets were
then resuspended for analysis by SDS–PAGE, sedimen-microscopy showed that expression of wt M protein
served to impart the bullet-like shape typical of VSV viri- tation analysis, or electron microscopy.
ons to what would otherwise be spherical or pleomorphic
Sucrose gradient sedimentation of extracellularvirus-like particles.
particles and nucleocapsids
MATERIALS AND METHODS 35S-labeled extracellular particles released by tsO23
virus-infected BHK cells at 397 in the presence or ab-Viruses
sence of plasmid-derived M protein were prepared as
Working stocks of ts M mutants tsO23 and tsM301 described above and resuspended in 0.5 ml of PBS. The
were prepared from isolated plaques using BHK cells. samples were layered over a 25–45% sucrose gradient
Titers of virus stocks were determined by plaque assays (wt/wt in PBS) and centrifuged at 35,000 rpm for 90 min
performed at 31 and 397. Only those stocks were used in a Beckman SW50.1 rotor at 57. Gradients were col-
in which the titer at 397 was approximately 3 1 1005 lected into 10 fractions and an aliquot of each fraction
times that at 317, corresponding to literature values for was analyzed by SDS–PAGE and fluorography.
these mutants (Flamand, 1970; Knipe et al., 1977b; Morita Nucleocapsids were released from extracellular parti-
et al., 1987). Original stocks of tsO23 were obtained from cles by resuspending pellets in 0.5 ml buffer containing
John Lenard (University of Medicine and Dentistry of New 10 mM Tris, 10 mM NaCl, 50 mM octyl glucoside, pH
Jersey) in 1989. Original stocks of wt VSV (San Juan 8.1, to solubilize the virus envelope. Samples were lay-
strain) and tsM301 were obtained from Harvey Lodish ered over a 4-ml 10–35% sucrose gradient (wt/wt in the
(Massachusetts Institute of Technology) indirectly same buffer) over a 0.5-ml cushion of 60% sucrose. Gradi-
through M. J. Ruebush (Bowman Gray School of Medi- ents were spun at 35,000 rpm for 90 min in a Beckman
cine) in 1979. The vaccinia virus recombinant vTF7.3 (vac- SW50.1 rotor at 57. Gradients were collected into 13 frac-
cinia/T7 virus), which expresses the bacteriophage T7 tions, and an aliquot of each was analyzed by SDS–
RNA polymerase (Fuerst et al., 1987), was provided by PAGE and fluorography. 35S-labeled nucleocapsids were
Bernard Moss (National Institutes of Health). Vaccinia/ isolated from wt VSV by solubilization of the envelope in
T7 virus stocks were prepared in CV-1 cells and assayed the presence of 0.25 M NaCl (to dissociate the M protein)
as described previously (Black et al., 1993). Unless other- as described by Newcomb et al. (1982). The nucleocap-
wise noted, cells were grown in Dulbecco modified Eagle sids were analyzed by sedimentation in a sucrose gradi-
medium (DMEM) containing 10% fetal bovine serum. ent, and the amount of nucleocapsid protein in each
fraction was quantitated by liquid scintillation counting.
Complementation assay
Electron microscopy
The plasmid containing the wt M gene of VSV (Orsay
strain, Indiana serotype) cloned downstream of the T7 Extracellular particles released by wt VSV- or tsO23
virus-infected BHK cells at 397 in the presence or ab-promoter in the vector pT7/T3a19 (GIBCO BRL) has been
described (Black et al., 1993). The details of transfection sence of plasmid-derived M protein were prepared as
described above. Pellets were resuspended in PBS andwith plasmid DNA and infection with vaccinia/T7 and
tsO23 viruses have been described previously (Kaptur et dialyzed overnight against PBS to remove residual su-
crose. Samples were then concentrated by centrifugational., 1995). Briefly, BHK cells were infected with vaccinia/
T7 virus at a multiplicity of infection (m.o.i.) of 5–10 for in a Beckman Airfuge (approximately 100,000 g) for 20
min. The pellets were fixed with 2.5% glutaraldehyde,2 hr at 377. Cells were transfected with plasmid DNA
containing either wt M gene or no M gene as a control 0.1 M phosphate buffer, pH 7.2, followed by secondary
fixation in phosphate-buffered 1% osmium tetroxide. Theusing Lipofectin reagent (GIBCO BRL) and incubated at
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samples were dehydrated through a graded series of
ethanols and embedded in Epon 812. Thin sections were
obtained with a diamond knife in a Sorvall MT-2B ultrami-
crotome, collected on carbon-stabilized, Formvar-coated
copper grids, and stained with lead citrate and uranyl
acetate. Sections approximately 50 nm thick were viewed
with a Philips EM-400 transmission electron microscopy
(100 keV). Sections approximately 500 nm thick were
viewed with a Philips CM-30 transmission electron mi-
croscope (300 keV).
Indirect immunolabeling and negative staining with
phosphotungstic acid were performed essentially as de-
scribed by Whitt et al. (1989). The primary antibody was
monoclonal antibody I1 against the G protein (Lefrancois
and Lyles, 1982) or an isotype-matched negative control
antibody. The secondary antibody was goat anti-mouse
IgG adsorbed to 15-nm colloidal gold particles (Amer-
sham). Micrographs were obtained using the Philips EM-
400 electron microscope.
RESULTS
Release of extracellular particles from cells infected
with tsO23 virus at the nonpermissive temperature in
the presence and absence of wt M protein
Complementation of the growth of VSV ts M mutants
by M proteins expressed from plasmid DNA using vac-
cinia/T7 vectors has been used to assess the function
of plasmid-derived wild-type and mutant M proteins
(Black et al., 1993; Kaptur et al., 1995; Li et al., 1988a,b;
FIG. 1. Assembly of extracellular particles at the nonpermissive tem-
Sun et al., 1994). The goal of this study was to determine perature for tsO23 virus growth. BHK cells were infected with vaccinia/
the protein composition and morphology of the extracel- T7 virus (vac/T7, lanes 1–9) or were mock-infected (lanes 10–12),
lular particles produced by tsO23 virus at the nonpermis- transfected with T7 expression plasmids encoding either wt M protein
(M, lanes 1, 3, 5, and 8) or no M protein as a control (C, lanes 2, 4, 6,sive temperature under conditions of complementation
7, and 9), and then superinfected with tsO23 virus (ts, lanes 1, 2, 7, 8,by plasmid-derived M protein. BHK cells were infected
and 10), wt VSV (wt, lanes 3, 4, and 11), or no VSV (lanes 5, 6, 9, and
with vaccinia/T7 virus and then transfected either with 12) and incubated in medium containing [35S]methionine and either 40
plasmid DNA containing a wild-type M gene under con- mg/ml araC (lanes 1–6) or no araC (lanes 7–12) for 16 hr at 397.
trol of a T7 promoter or with plasmid DNA lacking an M Extracellular particles were collected from the supernates by ultracen-
trifugation through a sucrose cushion, and the pellet was analyzed bygene as a negative control. At 5 hr posttransfection, the
SDS–PAGE and fluorography (A). Cell lysates were prepared in SDScells were superinfected with either tsO23 virus or wild-
sample buffer, and 110 of the sample was analyzed (B). Lanes 1a, 2a,type VSV and then incubated 16 hr at 397, the nonpermis-
7a, 8a, and 9a are from a 10-fold longer exposure of the gel in (A).
sive temperature for tsO23 virus growth. [35S]Methionine
was included in the medium during the 16-hr incubation
at the nonpermissive temperature. The extracellular par- rived M protein differed slightly from that of wt VSV (lanes
4 and 5), since they are from different strains of VSVticles released into the medium were harvested by ultra-
centrifugation through a sucrose cushion and analyzed (Orsay versus San Juan, respectively). Both are strains
of the Indiana serotype of VSV whose M proteins onlyby SDS–PAGE and fluorography (Fig. 1A). The labeled
cells were also analyzed to determine the levels of viral differ by 5 of 229 amino acids (Morita et al., 1987; Rose
and Gallione, 1981). Likewise, the electrophoretic mobil-protein expression (Fig. 1B). AraC was included in the
medium to reduce interference with VSV gene expres- ity of the tsO23 M protein differs slightly from that of the
wt Orsay strain due to a point mutation at amino acidsion by vaccinia virus by inhibiting DNA replication and
late gene expression. AraC was present in the culture position 21 that is unrelated to its temperature sensitivity
(Li et al., 1988b). Although these differences in electro-medium for the samples in lanes 1–6 and was absent
for the samples in lanes 7–12. Lanes 10–12 show the phoretic mobilities are not related to the function of the
M protein, they do provide convenient genetic markersresults obtained in the absence of vaccinia/T7 virus coin-
fection. The electrophoretic mobility of the plasmid-de- for distinguishing the M proteins from different sources.
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TABLE 1
Relative Amounts of M and N Proteins in Extracellular Particles Produced by tsO23 Virus at 397
Vaccinia VSV Plasmid M/N ratio Relative N yield
Vaccinia/T7 tsO23 Control 0.144 { 0.046 (7) (1.0)
Vaccinia/T7 tsO23 M 0.765 { 0.215 (7) 0.875 { 0.162
Mock tsO23 Control 0.186 { 0.082 (5) 1.128 { 0.305
Mock wt Control 1.029 { 0.206 (7) 10
Note. BHK cells were infected with vaccinia/T7 virus or mock-infected, transfected with T7 expression plasmids encoding either wt M protein
(M) or no M protein (control), and then superinfected with either tsO23 virus or wt VSV and incubated 16 hr at 397 in medium containing [35S]methionine.
Extracellular particles were harvested and analyzed by SDS–PAGE and fluorography. Viral proteins were quantitated by densitometry. The amounts
of M protein are expressed relative to the amount of N protein in the same sample (M/N ratio). The amount of N protein (relative N yield) is
expressed relative to the control sample from cells coinfected with vaccinia/T7 and tsO23 viruses in the same experiment (line 1). Data are expressed
as means { SD (N experiments).
The key result in Fig. 1A is shown in lanes 1–4. It was 1.029). In the presence of plasmid-derived M protein, the
M/N ratio of extracellular particles was about 76% of thatanticipated that expression of wt M protein from plasmid
DNA would enhance the envelopment and release of of wt VSV. Also shown in Table 1 is the ratio of the
amount of N protein released by tsO23 virus-infectednucleocapsids from tsO23 virus-infected cells. However,
similar amounts of extracellular particles containing nu- cells in the presence versus the absence of plasmid-
derived M protein, which averaged about 0.88. Thus,cleocapsids were released from cells infected with tsO23
virus in the presence (lane 1) and absence (lane 2) of there was no enhancement of nucleocapsid release by
the plasmid-derived M protein over that produced byplasmid-derived M protein, as shown by the amount of
N protein. In both cases, the amount of extracellular parti- tsO23 virus alone. Despite the fact that similar amounts
of N protein-containing extracellular particles were pro-cles produced by tsO23 virus was well below that pro-
duced by wt VSV (lanes 3 and 4). The particles released duced, the infectivity of particles assembled in the pres-
ence of wt M protein was considerably greater than thosein the absence of plasmid-derived wt M protein were
deficient in M protein, as might be expected from the assembled in the absence of wt M protein. The ratio of
tsO23 virus yields in the presence versus the absencenature of the ts mutant. However, the release of similar
amounts of N protein in these particles in the presence of plasmid-derived wt M protein (complementation ratio),
determined by plaque assay at 317, averaged 14.4 (range,and absence of plasmid-derived M protein was particu-
larly surprising in light of the evidence that M protein 4.0–51.8; N  18) when performed under the same con-
ditions as in Table 1 and Fig. 1 (lanes 1 and 2). Tempera-functions to bind the nucleocapsid to the host plasma
membrane during virus assembly by budding (Pal et al., ture-stable revertants contributed very little to these ti-
ters, since titers obtained at 397 were 10- to 100-fold1987). The extracellular particles released from tsO23
virus-infected cells in the absence of wt M protein do less, as previously reported (Li et al., 1988a).
As shown in Fig. 1B, similar amounts of VSV proteinscontain detectable amounts of mutant M protein, which
is barely visible in Fig. 1A, lane 2, but is readily apparent were synthesized in cells infected with tsO23 virus ver-
sus wt VSV, and expression of plasmid-derived M proteinin a 10-fold longer exposure (lane 2a). Cells that ex-
pressed plasmid-derived wt M protein in the absence of either had little effect or slightly reduced the level of
expression of the other VSV proteins (lanes 1–4). ThisVSV coinfection released particles containing M protein
as the only major protein (lane 5). This has been ob- indicates that the differences in extracellular particles
released from tsO23 or wt virus-infected cells in the pres-served previously with M protein expressed from bacu-
lovirus and vaccinia virus vectors and has been interpre- ence versus the absence of wt M protein cannot be ac-
counted for by differences in amounts of viral proteinsted to indicate that M protein is capable of budding in
the absence of other VSV proteins (Li et al., 1993; Justice present in infected cells. However, the effect of araC
in suppressing vaccinia-mediated interference with VSVet al., 1995).
Results of experiments similar to that in Fig. 1A, lanes replication is readily apparent in Fig. 1B. In the absence
of araC, very little VSV-specific protein synthesis oc-1–4, were quantitated by densitometry and are summa-
rized in Table 1. The amount of M protein in extracellular curred in cells coinfected with tsO23 virus (Fig. 1B, lanes
7 and 8) compared to those incubated in the presenceparticles released from virus-infected cells was ex-
pressed as a ratio of M protein to N protein. In the ab- of araC (lanes 1 and 2). Small amounts of extracellular
particles were released from these cells in the absencesence of plasmid-derived M protein, particles released
from tsO23 virus-infected cells contained about 14% as of araC, which are visible in the 10-fold longer exposure
of the gel in Fig. 1A (lanes 7a and 8a). These particlesmuch M protein as wt VSV (M/N ratio of 0.144 versus
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are similar to those produced in the presence of araC.
When assembled in the presence of wt M protein (lane
8a), the M/N ratio was 0.45, as determined by densitome-
try, but when assembled in the absence of wt M protein
(lane 7a), the M/N ratio was 0.10.
Also shown in Fig. 1 are the results obtained with
tsO23-, wt VSV-, or mock-infected cells in the absence
of coinfection with vaccinia/T7 virus (lanes 10, 11, and
12, respectively). The amount of G protein released by
tsO23 virus-infected cells was considerably greater in
the absence versus the presence of coinfection with vac-
cinia/T7 virus (lane 10 versus lane 2). In contrast, the
amount of N protein released from cells infected with
tsO23 virus alone was similar to that released from cells
coinfected with both tsO23 and vaccinia/T7 viruses. In
repeated experiments, there was no significant differ-
ence in the amount of N protein released into extracellu-
lar particles in the presence versus the absence of vac-
cinia/T7 virus (ratio, 1.13; Table 1). These data indicate
that release of N protein-containing particles is not af-
fected by coinfection with vaccinia/T7 virus, although the
amount of G protein in extracellular particles is reduced
by coinfection with vaccinia/T7 virus.
Additional data (not shown) indicated that results simi-
lar to those in Fig. 1 were obtained under a variety of
experimental conditions: (1) The same results were ob-
tained at two different nonpermissive temperatures (39
and 417) and with three different clonal isolates of tsO23
FIG. 2. Sucrose gradient sedimentation of extracellular particles pro-virus, which displayed a degree of temperature sensitivity
duced by tsO23 virus at 397. 35S-labeled extracellular particles released
similar to published values (Flamand, 1970; Morita et al., by tsO23 virus-infected BHK cells at 397 in the absence (A) or presence
1987). Virus stocks were derived from the initial passage (B) of plasmid-derived M protein were prepared as described in Fig. 2
and resuspended in 0.5 ml of PBS. The samples were layered over afollowing plaque isolation to reduce as far as possible
25–45% sucrose gradient and centrifuged at 35,000 rpm for 90 min.the potential contribution of temperature-stable re-
Gradients were collected into 10 fractions as indicated and an aliquotvertants. (2) Results similar to those in Fig. 1 were ob-
of each fraction was analyzed by SDS–PAGE and fluorography.
tained with a different ts M protein mutant, tsM301, iso-
lated in a different laboratory (Knipe et al., 1977b), but
belonging to the same complementation group (group neous in composition as shown by sucrose gradient cen-
trifugation. 35S-labeled extracellular particles assembledIII). Similar results were also obtained using CV-1 cells
or Vero cells instead of BHK cells, indicating that these by tsO23 virus at 397 in the presence or absence of wt
M protein were harvested as in the experiment in Fig. 1results were not unique to a particular virus–cell combi-
nation. (3) Although the amount of transfected plasmid and then were analyzed by sedimentation in sucrose
gradients. The gradient fractions were analyzed by SDS–DNA and the multiplicities of infection of vaccinia and
tsO23 viruses used in Fig. 1 were optimal for the produc- PAGE and fluorography (Fig. 2). In the case of particles
produced in the absence of wt M protein (Fig. 2A), thetion of virions, similar results were obtained with three-
fold higher and threefold lower amounts of each reagent. major population of G protein-containing particles was
in fractions 2 and 3, while most of the particles containing(4) Results similar to those in Fig. 1 were obtained by
harvesting extracellular particles at 5 hr postinfection both G and N proteins were found in fractions 4–6. The
small amount of ts M protein assembled into these parti-with tsO23 virus rather than 16 hr, indicating that their
release was not confined to late times postinfection but cles was approximately evenly distributed between these
two populations. In the case of particles assembled byinstead occurred throughout the normal course of VSV
infection. tsO23 virus in the presence of wt M protein (Fig. 2B),
fractions 2 and 3 again contained particles with G and M
Heterogeneity of extracellular particles produced by proteins, while most of the N protein-containing particles
tsO23 virus at the nonpermissive temperature were in fractions 4–6. However, in contrast to particles
assembled in the absence of wt M protein, most of theThe extracellular particles produced by tsO23 virus at
the nonpermissive temperature are actually heteroge- M protein was also found in fractions 4–6. In Fig. 2B,
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the M protein band appears as a doublet resulting from
resolution of the tsO23 M protein from wt M protein.
The results in Fig. 2 indicate that extracellular particles
produced by tsO23 virus-infected cells consist of a mix-
ture of particles containing G, M, and N proteins and
those containing G and M proteins but devoid of nucleo-
capsids.
Extracellular particles produced by tsO23 virus at the
nonpermissive temperature contain intact
nucleocapsids
35S-labeled extracellular particles assembled by tsO23
virus at 397 in the presence or absence of wt M protein
were harvested as in the experiment in Fig. 1, solubilized
with the detergent octyl glucoside, and analyzed by sedi-
mentation in sucrose gradients to determine whether the
N protein found in these particles was incorporated into
intact nucleocapsids. The gradient fractions were ana-
lyzed by SDS–PAGE and fluorography, and the amount
of N protein in each fraction was quantitated by densi-
tometry (Fig. 3A). In a separate experiment, 35S-labeled
nucleocapsids were isolated from wt VSV by solubiliza-
tion of the envelope in the presence of 0.25 M NaCl (to
dissociate the M protein) as described by Newcomb et
al. (1982). The nucleocapsids were analyzed by sedimen-
tation in a sucrose gradient, and the amount of nucleo- FIG. 3. Sedimentation of nucleocapsids from extracellular particles
produced by tsO23 virus at 397. (A) 35S-labeled extracellular particlescapsid protein was quantitated by liquid scintillation
released by tsO23 virus-infected BHK cells at 397 in the absence (opencounting (Fig. 3B). The sedimentation of N protein from
circles) or presence (closed circles) of plasmid-derived M protein wereextracellular particles produced by tsO23 virus-infected
prepared as described in Fig. 1. Pellets were resuspended in 0.5 ml
cells in the presence or absence of wt M protein was buffer containing octyl glucoside to solubilize the envelope. Samples
similar to that of nucleocapsids isolated from wt VSV, were layered over a 10–35% sucrose gradient over a cushion of 60%
sucrose. Gradients were spun at 35,000 rpm for 90 min and then wereindicating that these particles contained intact nucleo-
collected into 13 fractions. An aliquot of each was analyzed by SDS–capsids.
PAGE and fluorography, and the amount of N protein was quantitatedThe nucleocapsids were enveloped in a membrane,
by densitometry, the absorbance of which is shown. (B) Nucleocapsids
as expected for particles assembled by budding. Treat- were purified from 35S-labeled wt VSV after solubilization of the enve-
ment of extracellular particles with trypsin (not shown) lope in the presence of 0.25 M NaCl as described by Newcomb et al.
(1982) in a separate experiment. The nucleocapsids were sedimentedresulted in proteolysis of the G protein, but the N and M
through a sucrose gradient and an aliquot was analyzed by scintillationproteins were protected from proteolysis. In contrast,
counting.after solubilization of the envelope with detergent, all
three major structural proteins were susceptible to prote-
olysis. This indicates that the N and M proteins released
from material produced by control uninfected cells. The
were incorporated into enveloped particles and were not
first type was spherical enveloped particles approxi-
the result of cellular debris from a small number of lysed
mately 200 nm in diameter whose internal contents had
cells.
the appearance of viral nucleocapsids (Fig. 4A). The bi-
laminar appearance of the envelope, which was slightlyMorphology of extracellular particles produced by
thicker than a typical cell membrane, is clearly visible intsO23 virus at the nonpermissive temperature
Fig. 4A. The viral nucleocapsid appears less distinct ex-
cept in areas where it lies along the focal plane of theExtracellular particles assembled by tsO23 virus at 397
in the presence and absence of wt M protein were har- micrograph (arrowhead in Fig. 4A). The spherical shape
of these particles was confirmed by examining thick sec-vested as in the experiments in Fig. 1, and the pellets
were fixed, embedded, and sectioned for electron mi- tions (500 nm) in a 300-keV electron microscope in which
the entire particle could be visualized (not shown).croscopy. Representative examples of the types of parti-
cles observed are shown in Fig. 4. Cells infected with The second type of particles produced by tsO23 virus-
infected cells in the absence of wt M protein was mem-tsO23 virus in the absence of wt M protein produced two
types of membranous particles that were clearly distinct branous particles that were largely devoid of electron-
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dense material (Fig. 4B). These particles tended to be were harvested as in the experiments in Fig. 1 and then
immunolabeled with colloidal gold and negativelyvariable in size and shape, but were usually between
200 and 300 nm in diameter. The membrane of these stained for electron microscopy. The particles were la-
beled using an antibody against the VSV G protein inparticles was markedly thickened by an electron-dense
layer on the interior surface. order to distinguish virus-specific particles in the prepa-
ration. Representative examples of the types of labeledIn the presence of wt M protein, tsO23 virus-infected
cells produced particles similar to those assembled in particles are shown in Fig. 5. In the case of extracellular
particles assembled by tsO23 virus at 397 in the absencethe absence of wt M protein (Figs. 4A and 4B), but in
addition, many of the particles had the bullet-shaped of wt M protein, most of the labeled particles were ap-
proximately spherical (Fig. 5a), and some were pleiomor-morphology typical of VSV virions (Fig. 4C). These elec-
tron microscopic data are consistent with the biochemi- phic (Fig. 5b). Very few had the bullet-shaped morphology
typical of VSV virions. In the case of tsO23 virus particlescal data obtained from sucrose gradient centrifugation
(Fig. 2). They show that tsO23 virus-infected cells pro- assembled at 397 in the presence of wt M protein, spheri-
cal particles similar to those assembled in the absenceduced two classes of membranous particles at 397—
those that contain nucleocapsids and those that do not. of wt M protein were often observed, but in addition,
many of the particles had the bullet-shaped morphologyComplementation by plasmid-derived M protein lead to
the additional production of particles with the composi- typical of VSV virions (Fig. 5c). In many cases, penetration
of the negative stain into the bullet-shaped particles, astion and morphology of wt VSV.
The ‘‘empty’’ particles produced by tsO23 virus-infected in Fig. 5c, revealed the tightly coiled helical structure
of the nucleocapsid. In some cases, the bullet-shapedcells (Fig. 4B) were similar in appearance to membra-
nous particles generated by cells expressing wt M pro- particles contained extensions from their ends (‘‘a bullet
with a tail’’), which can be seen in the lower particle intein in the absence of other VSV gene products (Li et al.,
1993). Figure 4D shows electron micrographs of a cell Fig. 5c. These membrane blebs are sometimes produced
upon negative staining of wt VSV after freezing and thaw-transfected with plasmid DNA encoding wt M protein in
the absence of coinfection with tsO23 virus. Numerous ing of virus. However, they were rarely observed in our
preparations of wt VSV and may represent particles‘‘empty’’ particles with the characteristic thickened mem-
brane could be seen budding from the surface of the whose contents were either incompletely condensed or
more fragile compared to those produced by wt VSV.cells. In nearly all cases, the cellular cytoplasmic con-
tents such as ribosomes and cytoskeletal elements were Also shown in Fig. 5 for comparison are examples of wt
VSV virions labeled with anti-G protein antibody (Fig. 5d)largely excluded from the budding particles. This was
distinctly different from membranous debris released by or incubated with an isotype-matched control antibody
as a negative control for the immunolabeling (Fig. 5e).control cells transfected with plasmid DNA lacking an
M gene, which inevitably contained these cytoplasmic The relative frequency of the different types of tsO23
virus particles assembled in the presence or absence ofcomponents (not shown). The production of these
‘‘empty’’ particles as a result of M protein expression has wt M protein was determined by counting approximately
100 randomly observed labeled particles (Fig. 6). Thebeen taken as evidence that M protein can mediate the
budding process in the absence of other viral gene prod- labeled particles were included in one of four categories:
bullets (B), bullets with tails (B / T), pleiomorphic (P), oructs (Li et al., 1993; Justice et al., 1995). The similarity of
these particles to those produced by tsO23 virus-infected spherical (S). While these categories actually represent
a continuum of shapes, in most cases members of eachcells (Figs. 4A and 4B) suggests that the tsO23 M protein
retains some of its ability to mediate budding at 397. category were easily distinguished, as shown above in
Fig. 5. Spherical particles were the predominant typeElectron microscopy of negatively stained prepara-
tions was used to quantitate the different morphological released by tsO23 virus-infected cells at 397 in the ab-
sence of wt M protein (62% of the total). The few particlestypes of extracellular particles produced by tsO23 virus-
infected cells. Extracellular particles assembled by tsO23 that had the bullet-like shape typical of VSV virions proba-
bly represent the level of leakiness of the ts mutant. Invirus at 397 in the presence and absence of wt M protein
FIG. 4. Electron microscopy of extracellular particles produced by tsO23 virus or by expression of wt M protein at 397. Extracellular particles
released by tsO23 virus-infected BHK cells at 397 in the absence (A, B) or presence (C) of plasmid-derived M protein were prepared as described
in Fig. 1, and the pellets were fixed, embedded, and sectioned for electron microscopy. (A) A spherical enveloped particle is shown. The internal
contents include strands that have the appearance of viral nucleocapsids. This is most clearly seen when they lie along the focal plane of the
micrograph (arrowhead). (B) Membranous particles largely devoid of electron-dense material are shown. (C) Bullet-shaped particles produced by
tsO23 virus in the presence of wt M protein are shown. This sample also contained particles similar to those in (A) and (B). For example, two
particles largely devoid of electron-dense material can also be seen in this micrograph. (D) A cell transfected with plasmid encoding wt M protein
in the absence of coinfection with tsO23 virus is shown. (D2 ) Lower magnification of the same cell as in (D1 ) to show the production of numerous
particles lacking electron density. Bar, 100 nm.
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FIG. 5. Electron microscopy of extracellular particles produced by tsO23 virus at 397 after immunogold labeling and negative staining. Extracellular
particles released by tsO23 virus-infected BHK cells at 397 in the absence (a, b) or presence (c) of plasmid-derived M protein were prepared as
described in Fig. 1. Virions were prepared similarly from cells infected with wt VSV (d, e). Samples were labeled with an anti-G protein monoclonal
antibody (a–d) or an isotype-matched negative control antibody (e) followed by goat anti-mouse IgG adsorbed to 15 nm colloidal gold particles and
then negatively stained with phosphotungstic acid. Bar, 100 nm.
the presence of wt M protein, the number of particles cles produced by tsO23 virus-infected cells in the pres-
ence of plasmid-derived wt M protein. This shift is espe-that resembled bullets or bullets with tails (combined,
39% of the total) was approximately the same as the cially significant since at the multiplicity used in these
number of spherical particles (37% of the total), while the experiments (m.o.i. 20), 95% of the cells were infected
number of pleiomorphic particles was unchanged (24% with tsO23 virus, but only 25–30% express plasmid-de-
of the total). rived M protein (Black and Lyles, 1992). Thus the un-
transfected cells would continue to produce predomi-These data show a marked shift in the types of parti-
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be spherical or pleiomorphic particles. M protein-in-
duced condensation of the VSV nucleocapsid into a
tightly coiled helix has been demonstrated by in vitro
disassembly and reassembly experiments with deter-
gent-solubilized virions (Barge et al., 1993; Newcomb and
Brown, 1981; Newcomb et al., 1982) and by immunoelec-
tron microscopy experiments that demonstrated tightly
coiled nucleocapsids associated with the cytoplasmic
surface of the plasma membrane of infected cells (Oden-
wald et al., 1986; Ono et al., 1987). Thus the conversion
of spherical extracellular particles produced by tsO23
virus into the native bullet-like shape most likely reflects
the condensation of the nucleocapsid by wt M protein.
In immunofluorescence experiments, M protein ap-
pears to be diffusely distributed throughout the cyto-
plasm and nucleus of infected cells and is not colocal-
ized with nucleocapsids (Lyles et al., 1988; Ohno and
Ohtake, 1987; Ono et al., 1987). The only site in infected
cells at which colocalization of M protein and nucleo-
capsids has been observed is at the sites of buddingFIG. 6. Distribution of labeled extracellular particles produced by
on the cytoplasmic surface of the plasma membranetsO23 virus at 397. Extracellular particles released by tsO23 virus-in-
fected BHK cells at 397 in the absence (Control) or presence (/M) (McCreedy and Lyles, 1989; Odenwald et al., 1986; Ono
of plasmid-derived M protein were prepared, labeled, and negatively et al., 1987). In addition to the M protein associated
stained for electron microscopy as described in Fig. 5. Labeled parti- with nucleocapsids, M protein is diffusely distributed
cles were counted randomly by scanning the grids in one direction
on the cytoplasmic surface of the host plasma mem-only to avoid encountering particles more than once. The labeled parti-
brane in areas that are devoid of nucleocapsidscles were included in one of four categories: bullets (B), bullets with
tails (B / T), pleiomorphic (P), or spherical (S). In cases where the (McCreedy and Lyles, 1989). In fact, 10 – 25% of M pro-
morphology was ambiguous, the particle was considered pleiomorphic. tein expressed in the absence of other VSV gene prod-
The data shown are from a total of 141 (control) and 136 (/M) labeled ucts is associated with cellular membranes (Chong
particles derived from two separate experiments. There was no notable
and Rose, 1993, 1994; Ye et al., 1994). It has beendifference between the results of the two experiments. For example,
suggested that this membrane-bound form of M pro-in the case of the control samples, the number of bullet-shaped parti-
cles was 2 of 42 (5%) in one experiment and 7 of 99 (7%) in the other. tein might act as an initiation signal for binding of nu-
cleocapsids to the cytoplasmic surface of the plasma
membrane followed by coalescence of M protein from
nantly spherical particles. Also, some of the spherical or
the cytosol or membrane to form the tightly coiled nu-
pleiomorphic particles were membranous particles con-
cleocapsid – M protein complex (Chong and Rose,
taining G protein but devoid of nucleocapsids (Fig. 4B).
1993; McCreedy and Lyles, 1989). The ability of the ts
Therefore, even though the efficiency with which wt M
M protein to bind to the cytoplasmic surface of host
protein condenses nucleocapsid-containing particles
plasma membranes in areas devoid of nucleocapsids
into a bullet-like shape cannot be determined with preci-
is not impaired at the nonpermissive temperature
sion, this efficiency must be quite high. The data in Figs.
(McCreedy and Lyles, 1989). Thus the production of
4, 5, and 6 thus indicate that expression of wt M protein
extracellular empty particles or particles containing
in tsO23 virus-infected cells serves to impart the bullet-
nucleocapsids by ts M mutants probably reflects the
like shape typical of VSV virions to what would otherwise
residual ability of the membrane-bound ts M protein to
be spherical or pleiomorphic virus-like particles.
initiate envelope biogenesis. This would be consistent
with the observation that these extracellular particles
DISCUSSION
contain a small amount of the ts M protein (Figs. 1 and
2 and Table 1).The results presented here suggest that there are two
distinct processes in VSV envelope biogenesis: envelop- It was expected that expression of wt M protein would
promote binding of tsO23 virus nucleocapsids to thement of the nucleocapsid and condensation of virion
components into the bullet-like shape. One process, en- plasma membrane. This should have increased the
amount of viral nucleocapsids incorporated into extracel-velopment of the nucleocapsid, can be accomplished by
ts M mutants at the nonpermissive temperature, albeit lular particles over that seen in the absence of wt M
protein. Instead, similar amounts of nucleocapsids wereat a low level compared to wt VSV. The other process
requires a function provided by wt M protein and serves released from cells infected with ts M protein mutants
at the nonpermissive temperature in the presence andto impart the bullet-like shape to what would otherwise
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absence of wt M protein (Fig. 1 and Table 1). This obser- than the particles containing nucleocapsids observed
here (approximately 200 nm, Figs. 4 and 5).vation cannot be accounted for by low levels of synthesis
of wt M protein, since it was expressed from plasmid Clearly cells expressing VSV proteins are capable of
releasing a variety of membranous virus-like particles.DNA at levels similar to those expressed by wt VSV in a
coinfection with vaccinia virus (Fig. 1B). A more likely The individual activities of both the G and M proteins
promote their incorporation into extracellular particles (Lipossibility is that ts M protein interfered with the function
of wt M protein in cells that coexpress the two proteins. et al., 1993; Justice et al., 1995; Rolls et al., 1994). The
production of the variety of virus-like particles by VSVThe ability of ts mutants of many different viruses to
interfere with the growth of wt viruses at the nonpermis- proteins either individually or in combinations where one
or more proteins are in limiting amounts has been verysive temperature has been widely documented (reviewed
by Whitaker-Dowling and Youngner, 1987) and has been useful in dissecting the individual steps in virus assem-
bly. In the present case, the release of virus-like particlesobserved previously for VSV ts M mutants (Youngner et
al., 1986). A possible mechanism of this effect might be from cells infected with ts M mutants in the presence
versus the absence of wt M protein provided a meansthat ts M protein, which binds nucleocapsids inefficiently,
competes effectively with wt M protein for the available to separate the process of nucleocapsid envelopment
from conversion of virion components into the bullet-likemembrane binding sites in cells that coexpress ts and
wt M protein. This might reflect a higher affinity of the ts shape. However, during wt VSV infection, the potential
heterogeneity of extracellular particles that could be pro-M protein for membranes compared to wt M protein, as
originally suggested by Mancarella and Lenard (1981). duced by the limited activity of one or more viral proteins
is vastly overshadowed by the efficient production of viri-The effect would be to reduce the ability of wt M protein
to mediate association of nucleocapsids with the mem- ons by all of the viral proteins acting in concert.
brane, particularly if the association requires multivalent
binding between the nucleocapsid and membrane- ACKNOWLEDGMENTS
bound M protein. We thank Drs. John Lenard, Harvey Lodish, and Bernard Moss for
It has been reported previously that ts M mutants re- original stocks of tsO23, tsM301, and vTF7.3 viruses, respectively. We
thank Drs. Elliot Lefkowitz and Andrew Ball for the suggestion to uselease membranous particles containing G and M pro-
araC in our complementation experiments. We also thank Dr. Griffithteins but deficient in nucleocapsids at the nonpermissive
Parks for helpful comments on the manuscript. This work was sup-temperature (Schnitzer and Lodish, 1979). Similar ‘‘empty’’
ported by Public Health Service Grant AI15892 from the National Insti-
particles were also observed in the present study (Fig. tute of Allergy and Infectious Diseases. Dr. P. E. Kaptur was supported
2) and probably correspond to the membranous particles by Public Health Service Fellowship F32AI08239. Electron microscopy
was performed in the Electron Microscopy Core Laboratory of the Com-that lack electron-dense contents observed by electron
prehensive Cancer Center of Wake Forest University supported in partmicroscopy (Fig. 4B). Similar particles are produced
by Public Health Service Grant CA12197 from the National Cancerwhen wt M protein is expressed in the absence of other
Institute.
VSV gene products (Fig. 4; Li et al., 1993; Justice et al.,
1995), suggesting that the ‘‘empty’’ particles produced by
REFERENCES
ts M mutants at the nonpermissive temperature reflect
Atkinson, P. H., Moyer, S. A., and Summers, D. F. (1976). Assembly ofthe residual membrane-binding activity of the ts M pro-
vesicular stomatitis virus glycoprotein and matrix protein in HeLatein in the absence of binding to nucleocapsids.
cell membranes. J. Mol. Biol. 102, 613–631.
Extracellular particles containing G and M proteins Barge, A., Gaudin, Y., Coulon, P., and Ruigrok, R. W. H. (1993). Vesicular
but lacking nucleocapsids are the predominant type of stomatitis virus M protein may be inside the ribonucleocapsid coil.
J. Virol. 67, 7246–7253.extracellular particle released by cells infected with ts M
Black, B. L., and Lyles, D. S. (1992). Vesicular stomatitis virus matrixmutants in the absence of vaccinia/T7 virus coinfection
protein inhibits host cell-directed transcription of target genes in(Schnitzer and Lodish, 1979; Fig. 1). The release of these
vivo. J. Virol. 66, 4058–4064.
‘‘empty’’ particles was considerably reduced as a result Black, B. L., Rhodes, R. B., McKenzie, M., and Lyles, D. S. (1993). The
of coinfection with vaccinia/T7 virus as shown by the role of vesicular stomatitis virus matrix protein in inhibition of host-
directed gene expression is genetically separable from its role inreduced amount of G protein in extracellular particles in
virus assembly. J. Virol. 67, 4814–4821.the presence versus the absence of vaccinia/T7 virus
Carroll, A. R., and Wagner, R. R. (1979). Role of the membrane (M)coinfection (Fig. 1). In contrast, release of particles con-
protein in endogenous inhibition of in vitro transcription by vesicular
taining nucleocapsids was not affected by vaccinia/T7 stomatitis virus. J. Virol. 29, 134–142.
virus coinfection (Fig. 1 and Table 1). This result makes it Chong, L. D., and Rose, J. K. (1993). Membrane association of functional
vesicular stomatitis virus matrix protein in vivo. J. Virol. 67, 407–414.unlikely that envelopment of nucleocapsids results from
Chong, L. D., and Rose, J. K. (1994). Interactions of normal and mutantnonspecific entrapment in membrane vesicles formed by
vesicular stomatitis virus matrix proteins with the plasma membranethe activity of G protein alone, as recently described for
and nucleocapsids. J. Virol. 68, 441–447.
G protein expressed from an alphavirus vector (Rolls et Clinton, G. M., Little, S. P., Hagen, F. S., and Huang, A. S. (1978). The
al., 1994). Also, the vesicles produced by G protein alone matrix (M) protein of vesicular stomatitis virus regulates transcription.
Cell 15, 1455–1462.are considerably smaller (50–100 nm, Rolls et al., 1994)
AID VY 7738 / 6A11$$$$44 02-01-96 17:52:23 vira AP: Virology
87VIRUS-LIKE PARTICLES OF M GENE MUTANTS
David, A. (1973). Assembly of the vesicular stomatitis virus envelope: vesicular stomatitis virus M protein in the cytosol of infected cells
or isolated from virions. J. Virol. 64, 902–906.Incorporation of viral polypeptides into the host plasma membrane.
Morita, K., Vanderoef, R., and Lenard, J. (1987). Phenotypic revertantsJ. Mol. Biol. 76, 135–148.
of temperature-sensitive M protein mutants of vesicular stomatitisFlamand, A. (1970). Etude genetique du virus de la stomatite vesiculaire:
virus: Sequence analysis and functional characterization. J. Virol. 61,Classement de mutants thermosensibles spontanes en groupes de
256–263.complementation. J. Gen. Virol. 8, 187–195.
Newcomb, W. W., and Brown, J. C. (1981). Role of the vesicular stomati-Fuerst, T. R., Earl, P. L., and Moss, B. N. (1987). Use of a hybrid vaccinia
tis virus matrix protein in maintaining the viral nucleocapsid in thevirus, T7 RNA polymerase system for expression of target genes.
condensed form found in native virions. J. Virol. 39, 295–299.Mol. Cell. Biol. 7, 2538–2544.
Newcomb, W. W., Tobin, G. J., McGowan, J. J., and Brown, J. C. (1982).Justice, P. A., Sun, W., Li, Y., Ye, Z., Grigera, P. R., and Wagner, R. R.
In vitro reassembly of vesicular stomatitis virus skeletons. J. Virol.(1995). Membrane vesiculation function and exocytosis of wild-type
41, 1055–1062.and mutant matrix proteins of vesicular stomatitis virus. J. Virol. 69,
Odenwald, W. F., Arnheiter, H., Dubois-Dalq, M., and Lazzarini, R. A.3156–3160.
(1986). Stereo images of vesicular stomatitis virus assembly. J. Virol.Kaptur, P. E., Rhodes, R. B., and Lyles, D. S. (1991). Sequences of
57, 922–932.the vesicular stomatitis virus matrix protein involved in binding to
Ohno, S., and Ohtake, N. (1987). Immunocytochemical study of thenucleocapsids. J. Virol. 65, 1057–1065.
intracellular localization of M protein of vesicular stomatitis virus.Kaptur, P. E., McKenzie, M. O., Wertz, G. W., and Lyles, D. S. (1995).
Histochem. J. 19, 297–306.Assembly functions of vesicular stomatitis virus matrix protein are
Ono, K., Dubois-Dalq, M., Schubert, M., and Lazzarini, R. A. (1987).not disrupted by mutations at major sites of phosphorylation. Virology
A mutated membrane protein of vesicular stomatitis virus has an206, 894–903.
abnormal distribution within the infected cell and causes defective
Knipe, D. M., Baltimore, D., and Lodish, H. F. (1977a). Maturation of
budding. J. Virol. 61, 1332–1341.
viral proteins in cells infected with temperature-sensitive mutants of
Pal, R., Barenholz, Y., and Wagner, R. R. (1987). Vesicular stomatitis
vesicular stomatitis virus. J. Virol. 21, 1149–1158.
virus membrane proteins and their interactions with lipid bilayers.
Knipe, D. M., Lodish, H. F., and Baltimore, D. (1977b). Analysis of the Biochim. Biophys. Acta 906, 175–193.
defects of temperature-sensitive mutants of vesicular stomatitis vi- Rolls, M. M., Webster, P., Balba, N. H., and Rose, J. K. (1994). Novel
rus: Intracellular degradation of specific viral proteins. J. Virol. 21, infectious particles generated by expression of the vesicular stomati-
1140–1148. tis virus glycoprotein from a self-replicating RNA. Cell 79, 497–506.
Lefkowitz, E. J., Pattnaik, A. K., and Ball, L. A. (1990). Complementation Rose, J. K., and Gallione, C. J. (1981). Nucleotide sequences of the
of a vesicular stomatitis virus glycoprotein G mutant with wild-type mRNAs encoding the vesicular stomatitis virus G and M proteins
protein expressed from either a bovine papilloma virus or a vaccinia determined from cDNA clones containing the complete coding re-
virus vector system. Virology 178, 373–383. gions. J. Virol. 39, 519–528.
Lefrancois, L., and Lyles, D. S. (1982). The interaction of antibody with Schnitzer, T. J., and Lodish, H. F. (1979). Noninfectious vesicular stoma-
the major surface glycoprotein of vesicular stomatitis virus. I. Analy- titis virus particles deficient in the viral nucleocapsid. J. Virol. 29,
sis of neutralizing epitopes with monoclonal antibodies. Virology 121, 443–447.
157–167. Sun, W., Huang, L., and Wagner, R. R. (1994). Common distribution
Li, Y., Luo, L., Snyder, R. M., and Wagner, R. R. (1988a). Expression of of antigenic determinants and complementation activity on matrix
the M gene of vesicular stomatitis virus cloned in various vaccinia proteins of two vesicular stomatitis virus serotypes. J. Gen. Virol. 75,
virus vectors. J. Virol. 62, 776 –782. 937–943.
Thomas, D., Newcomb, W. W., Brown, J. C., Wall, J. S., Hainfeld, J. F.,Li, Y., Luo, L., Snyder, R. M., and Wagner, R. R. (1988b). Site-specific
Trus, B. L., and Steven, A. C. (1985). Mass and molecular compositionmutations in vectors that express antigenic and temperature-sensi-
of vesicular stomatitis virus: a scanning transmission electron mi-tive phenotypes of the M gene of vesicular stomatitis virus. J. Virol.
croscopy analysis. J. Virol. 54, 598–607.62, 3729–3737.
Whitaker-Dowling, P., and Youngner, J. S. (1987). Viral interference–Li, Y., Luo, L., and Wagner, R. R. (1989). Transcription inhibition site on
dominance of mutant viruses over wild-type virus in mixed infections.the M protein of vesicular stomatitis virus located by marker rescue
Microbiol. Rev. 51, 179–191.of mutant tsO23(III) with M-gene expression vectors. J. Virol. 63,
Whitt, M. A., and Rose, J. K. (1991). Fatty acylation is not required for2841–2843.
membrane fusion activity of glycoprotein assembly into VSV virions.Li, Y., Luo, L., Schubert, M., Wagner, R. R., and Kang, C. Y. (1993).
Virology 185, 875–878.Viral liposomes released from insect cells infected with recombinant
Whitt, M. A., Chong, L., and Rose, J. K. (1989). Glycoprotein cytoplasmicbaculovirus expressing the matrix protein of vesicular stomatitis vi-
domain sequences required for rescue of a vesicular stomatitis virusrus. J. Virol. 67, 4415–4420.
glycoprotein mutant. J. Virol. 63, 3569–3578.Lyles, D. S., Puddington, L., and McCreedy, B. J. (1988). Vesicular stoma-
Whitt, M. A., Buonocore, L., Prehaud, C., and Rose, J. K. (1991). Mem-titis virus M protein in the nuclei of infected cells. J. Virol. 62, 4387–
brane fusion activity, oligomerization, and assembly of the rabies
4392.
virus glycoprotein. Virology 185, 681–688.
Lyles, D. S., Varela, V. A., and Parce, J. W. (1990). Dynamic nature of Wilson, T., and Lenard, J. (1981). Interaction of wild-type and mutant
the quaternary structure of the vesicular stomatitis virus envelope M protein of vesicular stomatitis virus with nucleocapsids in vitro.
glycoprotein. Biochemistry 29, 2442–2449. Biochemistry 20, 1349–1354.
Mancarella, D. A., and Lenard, J. (1981). Interactions of wild-type and Ye, Z., Sun, W., Suryanarayana, K., Justice, P., Robinson, D., and Wagner,
mutant M protein of vesicular stomatitis virus with viral nucleocapsid R. R. (1994). Membrane-binding domains and cytopathogenesis of
and envelope in intact virions. Evidence from [125I]iodonaphthyl azide the matrix protein of vesicular stomatitis virus. J. Virol. 68, 7386–
labeling and specific cross-linking. Biochemistry 20, 6872–6877. 7396.
McCreedy, B. J., and Lyles, D. S. (1989). Distribution of M protein and Youngner, J. S., Frielle, D. W., and Whitaker-Dowling, P. (1986). Domi-
nucleocapsid protein of vesicular stomatitis virus in infected cell nance of temperature-sensitive phenotypes. I. Studies of the mecha-
plasma membranes. Virus Res. 14, 189–206. nism of inhibition of the growth of wild-type vesicular stomatitis virus.
Virology 155, 225–235.McCreedy, B. J., McKinnon, K. P., and Lyles, D. S. (1990). Solubility of
AID VY 7738 / 6A11$$$$45 02-01-96 17:52:23 vira AP: Virology
